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1 Introduction
With the advance of geophysical exploration techniques, in
situ measurements on elastic wave velocities have been
successfully employed for investigating near-surface and
deep geological structures. However, in situ techniques that
measure the attenuation of elastic waves are still in their
infancy due to the difficulty of calibration, the lack of
theoretical models, and the inaccuracy of field scale mea-
surements. While attenuation itself is strongly related to
important physical characteristics of porous media, such as
pore fluid composition, stress states, and internal hetero-
geneity (Johnston et al. 1979), the understanding of the
attenuation characteristics of porous media is still limited.
The rocks are frequently exposed to water through rain
or ground water. The presence of pore water not only plays
an important role from an engineering perspective, but also
significantly alters acoustic wave propagation. Compres-
sional wave velocity changes little until the pore spaces are
fully saturated with water because the air in partially sat-
urated pore fluids diminishes the stiffness of the pore fluids
and hardly contributes to strengthening the rock frame. On
the other hand, when there is an increase in water satura-
tion, the compressional wave attenuation—that is related to
energy dissipation—tends to increase more sensitively than
velocity (Gardner et al. 1964; Toks}oz et al. 1979; Mavko
and Nur 1979; Murphy 1982; Winkler and Nur 1982;
Cadoret et al. 1998).
Several previous researchers have investigated the fluid
effect on the wave velocity and attenuation, mainly
focusing on high porosity rocks (mostly greater than 20%
of porosity), such as limestone (Cadoret et al. 1998) and
sandstone (Murphy 1982; Winkler and Nur 1982). This
study, therefore, examines how water saturation affects the
attenuation characteristics of low porosity rocks. The effect
of partial water saturation on the attenuation is explored by
recapitulating Biot model and by conducting a series of
laboratory tests. Then, the results of Biot model and lab-
oratory tests are compared and some implications are
discussed.
2 Recapitulation of Biot Model: Partial Water
Saturation Effect on Attenuation
Biot model (Biot 1956a, b) can be applied to porous media,
particularly for modeling wave velocity and attenuation of
a rock. Biot model assumes that pore fluids flow only in the
direction parallel to the direction of the wave propagation
and that the viscous fluid motion follows Poiseuille flow in
a cylindrical tube. No chemical, electrical, or thermal
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interactions between different phases are taken into
account in the model. Detailed formulations of the Biot
model and the physical parameters used are summarized in
Appendix A. The following parametric study recapitulates
Biot model and explores how various physical properties of
rocks, such as porosity, permeability, or pore size param-
eter, affect the attenuation of compressional wave (here-
after, P-wave) in a partially water-saturated porous
medium. The pore fluid properties (e.g., bulk modulus and
density), in which the composition of water and air vary,
are calculated by the averaging method (more details are
described in the Appendix section).
2.1 Porosity
Attenuation increases as the porosity increases because the
water content in a pore becomes larger at the same degree
of water saturation. Higher porosity rocks can have more
opportunity of interaction between fluid and rock frame in
the cracks than lower porosity rocks. Specifically, Fig. 1a
shows that the attenuation of a high porosity rock (when
n = 30%, Q-1 = 0.0046) is approximately nine times
larger than that of a low porosity rock (when n = 1%,
Q-1 = 0.0005) at a saturation degree of 98–99%, which is
the saturation degree required for a maximum attenuation
value.
2.2 Permeability
For low permeability rocks, the pressure gradient induced
by wave propagation dissipates slowly and there are min-
imal flows of fluid in the pores and pore throats. Mean-
while, for higher permeability rocks, fluids can move more
freely, and consequently cause greater loss of energy dur-
ing the wave propagation. It is found that permeability has
the strongest impact on the magnitude of the attenuation than
porosity and pore size, affecting approximately one order of
magnitude increase of attenuation by an order of magnitude
increase of the permeability, as shown in Fig. 1b.
2.3 Pore Size Parameter
The pore size parameter is an indicator of the geometric
characteristics of the pore space. As shown in Fig. 1c,
when the rock has the same porosity and permeability, the
attenuation increases as the pore size parameter decreases.
It implies that the wave loses more energy in smaller-sized
pores at the same porosity.
2.4 Attenuation Curve Tendency
The attenuation (Q-1) is normalized by the maximum
attenuation (Qmax
-1 ), which is the attenuation value for
nearly full water-saturated conditions (i.e., S & 99%). The
normalized value enables us to examine how the curve
tendency and shape depend on the various parameters of
low porosity rocks. The attenuation-water saturation (Q-1/
Qmax
-1 - S) curves (hereafter, attenuation curve) are super-
imposed in Fig. 2 to highlight the effect of changes in the
permeability and pore size parameter. Porosity is excluded
as a variable because it has a negligible effect on the
attenuation curve tendency. Figure 2 shows that the
attenuation curve shape with water saturation can be con-
vex, linear, or concave depending on the permeability. A
high permeability (k C 10-5 m/s in the presented study)
produces a concave attenuation curve. In contrast, the
attenuation curve is convex when the permeability is lower
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Fig. 1 Attenuation versus water saturation varying a porosity, b per-
meability, and c pore size parameter when the Young’s modulus
E = 45 GPa, frequency f = 23 kHz, and Poisson’s ratio m = 0.24
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parameter produces a linear curve: the attenuation curve is
almost linear with water saturation when the pore size
parameter is less than 1 lm (also refer to Fig. 1c).
3 Experimental Program
3.1 Specimen Preparation
Four cylindrical rock specimens were prepared, repre-
senting unique low porosity characteristics of deep bed-
rock formations in Korea: two weathered granite and two
mudstone specimens. All the specimens had a diameter
of 5 cm, a length of 10 cm, and a porosity value of less
than 3%. The dry density of the specimens was measured
after drying them in an oven at 50C for 72 h, while the
water-saturated density was measured after submerging
them until the measured masses converged to a certain
value. The effective porosity, which is a measure of
connected pores, but not closed pores, was estimated
from a dry density and a fully water-saturated density. A
standard method suggested by the International Society
for Rock Mechanics (ISRM; Brown 1981) was used to
determine the specific gravity of each specimen. The
properties of the specimens tested are summarized in
Table 1.
3.2 Saturating and Drying Processes
To determine water content, porosity, density, absorption,
and related properties, saturating and drying processes
were performed by following the procedures suggested by
ISRM (Brown 1981). A saturating process was performed
by completely immersing a specimen in a water bath. The
water bath was agitated to remove any trapped air. After a
saturating procedure, the specimen was dried in an oven at
a constant temperature of 50C in order to prevent any
damage induced by thermal shock. As time elapses, the
degree of water saturation was periodically evaluated by
measuring the mass, and the attenuation was simulta-
neously measured.
3.3 Free–Free Resonant Column Test
The attenuation of a rock specimen was obtained by a
free–free resonant column (FFRC) test (Vaghela and
Stokoe 1995; Kim et al. 1997; Cha and Cho 2007). The
FFRC method measures the attenuation of the longitudi-
nal wave mode (i.e., also called as rod wave or bar wave).
A typical result of the FFRC test at the time domain is
shown in Fig. 3a. The damping ratio (D) is obtained by
fitting the frequency response curve of a single degree of
freedom system to the measured data as shown in Fig. 3b.
The attenuation is expressed in terms of the inverse
quality factor (Q-1) calculated by the relationship,
Q-1 = 2D.
Attenuation is highly affected by frequency and con-
fining pressure. All the measurements were taken under
atmospheric pressure and a room temperature of 25C. The
FFRC measurements were conducted within the regime of
the resonant frequency between 6 and 27.5 kHz. The sig-
nals were captured regularly until the measured mass of the
specimen converged to a certain value, where the specimen
was considered as fully water-saturated. We subsequently
subjected the saturated specimens to a drying process in an
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Fig. 2 Normalized attenuation curves (Q-1/Qmax
-1 ) with respect to a
range of the permeabilities and pore sizes when the porosity
n = 2.6%, Young’s modulus E = 45 GPa, frequency f = 23 kHz,
and Poisson’s ratio m = 0.24
Table 1 Properties of tested specimens
Specimen Granite 1 Granite 2 Mudstone 1 Mudstone 2
Symbol GN1 GN2 MS1 MS2
Density (kg/m3)
Dry 2,591 2,596 2,628 2,626
Saturation 2,603 2,609 2,637 2,652
Porosity (%) 1.16 1.26 0.96 2.61
Specific gravity (–) 2.62 2.62 2.65 2.64
Rod-wave velocity
(m/s)a
1,864 1,105 4,891 4,137
P-wave velocity (m/s)b 2,619 1,625 5,273 4,459
Young’s modulus (GPa)c 9.4 3.3 62.9 45
Poisson’s ratio (–)d 0.38 0.39 0.24 0.24
a Rod-wave velocity of a dry specimen at the resonance frequency was
determined by using a free–free resonant column (FFRC) method
(Vaghela and Stokoe 1995; Kim et al. 1997; Cha and Cho 2007)
b P-wave velocity of a dry specimen was determined by using the point-
source travel time method (Cha and Cho 2007)
c Young’s modulus (i.e., E = qVP
2) was calculated by using the dry
density and the P-wave velocity of a specimen at a dry condition
d Poisson’s ratio is calculated by using the P-wave velocity and rod-wave
velocity of a specimen at a dry condition
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4 Results and Discussion
Overall, the experimental results deviate far from Biot
model’s prediction, showing that the experimental attenu-
ation results (Fig. 4) are approximately orders of magni-
tude greater than Biot attenuation results (Fig. 1). This
underestimation may be due to the fact that Biot model
does not take random micro-cracks which are closely
related to permeability into consideration.
4.1 Attenuation Under a Dry Condition
According to Biot model, the wave does not dissipate under
a dry condition (i.e., 0% saturation); hence, the attenuation
is expected to be null (Q-1 ? 0 when S ? 0). However,
attenuations are unexceptionally measured for natural rock
specimens under a dry condition (e.g., GN1: 0.048, GN2:
0.071, MS1: 0.006, and MS2: 0.010). These experimental
measurements represent pure material damping without
fluid effect, where the material damping is decided by
frictional energy loss between cracks (or mineral grain
boundaries) during elastic wave propagation (Winkler and
Nur 1982). As shown in Fig. 4, granite specimens have
higher attenuations under a dry condition than the mud-
stone specimens do because the mudstone specimens are
much stiffer and have a smaller particle size than the
granite specimens. It indicates that the energy loss due to
internal heterogeneity-induced wave scattering, such as
micro-cracks, is greater in the granite specimens than in the
mudstone specimens.
4.2 Attenuation Under Partial Water Saturation
Attenuation curve tendency can be considered to have two
distinctive regimes: low saturation regime and mid-to-high
saturation regime. In the low saturation regime, the atten-
uation behavior as a function of saturation is dominated by
the microscopic fluid flow mechanism (e.g., as explained
by the squirt flow model; Cadoret et al. 1998). On the other
hand, attenuation behavior in the mid-to-high saturation
range is governed by a macroscopic mechanism (e.g., as
explained by Biot model).
In a low water saturation regime, as shown in Fig. 4,
attenuation of the low porosity rocks hardly or slightly
increases with water saturation. This region covers the
saturation from 0 to approximately 10 or 20%. In contrast,
in high-porosity rocks (e.g., Murphy 1982; Cadoret et al.
1998), the region that provides no or slight increase in
attenuation with increasing water saturation covers a wider
range of water saturation, i.e., from 0 to approximately 60
or 70%. This phenomenon is due to the fact that the high
porosity rock requires more water to reveal Biot effect,
which causes water–solid coupling and decoupling.
In the mid-to-high water saturation regime, Biot model
can be applicable for predicting the attenuation tendency
and comparing it to measurements because Biot model is
based on a macroscopic mechanism. Typical attenuation-
water saturation curves are shaped as convex, linear, or
concave (see Fig. 2). The attenuation curves of the granite
specimens are convex, while the curves of the mudstone
specimens are linear in the mid-to-high water saturation
regime, as shown in Fig. 4. The linearity of the attenuation
curves of the mudstone specimens is attributed to the small
pore size of the mudstone specimen. In contrast to low
porosity rocks, it has been presented in previous studies
(e.g., Murphy 1982; Cadoret et al. 1998) that the attenua-
tion curves of high-porosity rocks (n [ 23%) are presumed





































Fig. 3 A typical signal measured by an FFRC test at a the time





















Fig. 4 Attenuations of longitudinal waves at difference water
saturations. Note that the open points indicate the measurements
during drying process whereas the solid points indicate the measure-
ments during saturating process
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concave shape of the attenuation curve in high-porosity
rocks is consistent with the calculations in Biot model, as
shown in Fig. 2 (i.e., when permeability k is larger than
10-5 m/s and the pore size parameter a is larger than
10 lm).
A hysterical loop of attenuation during the saturating
and drying processes is generally evident in tests on high
porosity rocks due to different water distribution conditions
(Cadoret et al. 1998). In contrast, the fluid distribution
during the saturating and drying processes of low porosity
rock has little effect on the attenuation. Figure 4 shows that
the attenuation values during the saturation process are
almost the same as those of the drying process for low
porosity rocks.
4.3 Attenuation Under a Fully Water-Saturated
Condition
The attenuation values of the tested specimens when fully
saturated are nearly two to five times greater than the
values under a dry condition as shown in Table 2 and
Fig. 4. In particular, Fig. 4 indicates that the granite
specimens are strongly influenced by a saturation level.
GN2 (the softest rock in the presented study) has larger
difference in attenuation between dry and saturation con-
ditions than does MS1 (the hardest rock in the presented
study). This means that a soft rock (e.g., a rock with low
stiffness and slow wave velocity) is easily affected by fluid
flow during saturation.
It is worth noting that high porosity rocks demonstrate
attenuation drops in a fully water saturated condition (refer
to the data in Murphy 1982; Cadoret et al. 1998). This drop
is because no patchy water distribution and no squirt flow
occur when water fully saturates the pores in a rock; as a
result, the pore fluid cannot easily squeeze or flow into
adjacent pores. Thus, the energy loss decreases. However,
this phenomenon is not observed in the low porosity rock
specimens tested (refer to Fig. 4). This result implies that
low porosity rocks are unlikely to be fully water-saturated
under a natural atmospheric environment without some
additional pressure due to water surface tension on the
micro-cracks and closed pores, both of which form during
rock diagenesis. This condition is expected in various near-
surface grounds.
5 Conclusions
This study explored how water saturation affects the
compressional wave attenuation characteristics in low
porosity rocks by reviewing Biot model and performing a
series of experiments. Main findings are as follows:
• Biot model shows that permeability is the most
influential factor on attenuation due to wave energy
dissipation by fluid flow between cracks (or pores).
• The experimental results deviate far from Biot model’s
prediction, showing that the experimental attenuation
results are approximately orders of magnitude greater
than Biot attenuation results. This discrepancy (i.e.,
Biot model’s underestimation) may be due to the fact
that Biot model does not take into consideration
random micro-cracks which are closely related to
permeability.
• The curve of attenuation versus saturation can be
convex, linear, or concave from low to high perme-
ability. The experimental results show that the atten-
uation of a low porosity rock tends to be convex or
linear and shows no hysterical loop during the saturat-
ing and drying process.
• In the low saturation regime, the attenuation of low
porosity rocks is dominated by the microscopic fluid
flow mechanism (e.g., Squirt flow model) while in the
mid-to-high saturation range, it is governed by a
macroscopic mechanism (e.g., Biot model).
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Table 2 Measured wave velocities and attenuations of the tested specimens
Specimen Resonant frequency (kHz) P-wave velocity (m/s) Rod-wave velocity (m/s) Attenuation (1/Q) (–)
Dry Saturated Dry Saturated Dry (Min.) Saturated (Max.)
Granite 1 (GN1) 9.5 2,619 2,794 1,864 1,906 0.048 0.210
Granite 2 (GN2) 6.0 1,625 1,820 1,105 1,275 0.071 0.316
Mudstone 1 (MS1) 27.5 5,273 5,318 4,891 4,966 0.006 0.014
Mudstone 2 (MS2) 23.0 4,459 4,508 4,137 4,175 0.010 0.046
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Appendix A. Biot Model for Porous Media

















¼ 0; and ð1Þ
Vp ¼ ReðVp Þ; ð2Þ
where Vp
* is the complex P-wave velocity, and Re(Vp
*) is the
real part of the complex P-wave velocity. The parameters
A, I, H, C, F, and q are defined as follows:








A  Bsk; ð3bÞ
H ¼ Bsk þ 4
3
 Gsk þ ðBg  BskÞ
2
A  Bsk ; ð3cÞ
C ¼ Bg  Bsk
A  Bsk  Bg; ð3dÞ
F ¼ f  T
4  1 þ 2jTf
 ; and ð3eÞ
q ¼ a  qf
n
 j  g  F
x  K: ð3fÞ






where Q is the quality factor, and M* is the complex
constraint modulus. Im(M*) means the imaginary part, and
Re(M*) describes the real part of the complex constraint
modulus (Table 3).
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